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Abstract 6 

The use of headed bars in joints between precast concrete elements allows continuity of reinforcement to 7 

be achieved over very short splice lengths. The paper describes a series of flexural tests carried out on 8 

specimens consisting of pairs of precast elements connected by overlapping headed bars of 25 mm 9 

diameter.  The headed bars overlapped by 100 mm within a 200 mm wide insitu concrete joint in which 10 

transverse bars and vertical shear studs were installed to provide confinement. This type of joint 11 

facilitates the construction of continuously reinforced slabs from precast elements thereby enabling 12 

significant reductions in overall construction time and improvements in construction quality due to off-13 

site fabrication. The tests investigated the influence on joint strength, ductility and crack width of 14 

concrete strength, out-of-plane offset of precast planks and confining shear studs. Ductile failure with 15 

yield of 25 mm diameter high strength headed bars was achieved with joint concrete having a cylinder 16 

compressive strength of 39 MPa. A nonlinear finite element model is presented, which gives good 17 

predictions of joint strength as well as providing insight into joint behaviour. 18 

 19 
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Notation 24 

ɛ2  NLFEA reinforcement strain at end of yield/start of strain hardening 25 

ɛ3  NLFEA reinforcement ultimate strain 26 

ɛc  Strain in the compression zone concrete 27 

ɛc1  Strain at peak compressive stress 28 

ɛs  Shear stud measured strain 29 

η  Concrete strain ratio 30 

σ2  NLFEA reinforcement stress at end of yield/start of strain hardening 31 

σ3  NLFEA reinforcement ultimate stress 32 

σc  Concrete compressive stress 33 

σy  NLFEA steel yield stress 34 

υ  NLFEA steel Poisson's ratio 35 

∅b  Reinforcement diameter 36 

∅tr  Transverse bar diameter 37 

Ecm  Concrete elastic modulus 38 

Es  Reinforcement elastic modulus 39 

H  NLFEA steel hardening modulus 40 

Lhb  Headed bar lap length between bearing faces of heads 41 

M  Maximum moment at joint-precast interface 42 

Mhb  Bending moment at bar head 43 

Mfl  Maximum applied bending moment at joint-precast interface 44 

Mp,hb  Longitudinal headed bar plastic moment resistance 45 

Mp,tr  Transverse bar plastic moment resistance 46 

Mtest  Maximum measured or equivalent calculated bending moment achieved in test 47 

Mtr  Bending moment in transverse bar 48 

Nhb  Measured longitudinal headed bar force 49 

N2hb  Longitudinal headed bar force on the two bar side 50 

N3hb,centre Central longitudinal headed bar force on the three bar side 51 

N3hb,edge  Edge longitudinal headed bar force on the three bar side 52 

Ny,hb  Longitudinal headed bar yield load 53 
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Ny,tr  Transverse bar yield load 54 

Ntr  Force in transverse bar 55 

Ns  Force in shear stud 56 

P  Maximum flexural test load 57 

Ptens  Maximum tensile test measured load 58 

Pfl  Maximum flexural test measured load 59 

Shb  Spacing of headed bars with same orientation 60 

SF  Shear factor in NLFEA 61 

dg  Maximum aggregate size in NLFEA 62 

f'c  NLFEA concrete cylinder compressive strength 63 

f'c0  Onset of nonlinear behaviour in NLFEA 64 

f't  NLFEA concrete tensile strength 65 

fc,cyl,j  Measured joint concrete cylinder compressive strength 66 

fc,cyl,p  Measured precast concrete cylinder compressive strength 67 

fcm  Mean concrete cylinder compressive strength 68 

fct,j  Measured joint concrete tensile strength 69 

fu  Reinforcement ultimate strength 70 

fy  Reinforcement yield strength 71 

rc  Compressive strength of cracked concrete factor in NLFEA 72 

wd  Plastic displacement in concrete softening law in NLFEA 73 

x2  Precast slab out-of-plane offset 74 

xt  Transverse bar offset from the centreline of the joint 75 

 76 

1. Introduction 77 

The paper investigates the performance of narrow cast in-situ joints between precast concrete elements 78 

in which continuity of reinforcement is achieved through overlapping headed bars, as shown in Figure 1. 79 

Using headed instead of straight bars, significantly reduces tension splice lengths, thereby facilitating 80 

very efficient construction systems, like the 'E6 floor system' patented by Laing O'Rourke, in which 81 

headed bar splices provide continuity between precast elements within the floor depth. The narrow joint 82 
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width adopted in the E6 system, made possible by the use of headed bars, allows adjacent precast units to 83 

be supported off each other during construction with easily handled steel brackets. This significantly 84 

reduces traditional propping, thereby enabling other follow-on trades to commence earlier. This in turn 85 

reduces overall construction time and improves on-site health and safety as well as construction quality 86 

due to trades being moved offsite into the factory. The system is ideal for regular slab layouts with 87 

standardised components, but can accommodate bespoke floor arrangements. 88 

 89 
Figure 1: Typical headed bar joint 90 

Similar connections using lapped headed bars, but with smaller diameter bars or longer laps, and U-bars 91 

have been studied by other researchers with the main emphasis on bridge deck applications [1-13]. A 92 

variety of design approaches have been proposed for these joints, including: models based on the ACI 93 

318-02 [14] recommendations for side-blowout and bearing strength, strut-and-tie models [4, 9-11], and 94 

an upper bound plasticity based model [12, 13]. The authors have previously tested a series of tension 95 

specimens with the geometry shown in Figure 2 which is intended to simulate a headed bar splice within 96 

the tension zone of a 300 mm thick slab loaded in flexure.  The tension tests investigated the influence of 97 

variables including concrete strength, transverse reinforcement area and arrangement and presence or 98 

absence of confining shear studs [15]. 99 
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 100 
Figure 2: Typical tensile test specimen 101 

This paper describes a series of five flexural tests which were carried out to investigate the influence on 102 

joint strength of concrete strength, out-of-plane offset of precast slabs and confining shear studs. The bar 103 

heads used in the tension and flexural tests were sufficiently large to develop the full tensile strength of 104 

the bars without any contribution from bond [16]. Therefore, tension is mainly transferred between 105 

overlapping headed bars through a series of diagonal compressive struts as shown in Figure 3 in which 106 

the the transverse headed bars resist out of balance forces at ends of diagonal struts. The paper compares 107 

and contrasts the behaviour of the headed bar splice joints in the authors’ tension and flexural tests.  108 

 109 
Figure 3: Tensile force transfer within headed bar joint (plan) 110 

2. Laboratory Testing 111 

2.1. Tension Test Specimen Details 112 

A full description of the direct tension tests is given elsewhere [15] so only pertinent points are 113 

summarised here. In total 27 tension specimens were tested to investigate the influence on joint strength 114 

of variables including concrete strength, transverse reinforcement and presence or absence of confining 115 

shear studs.  The headed bars used in the tests were 25 mm in diameter with 70 mm square heads and 116 
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yield strength of 530 MPa. Only specimens G1-26-2H20:TT'-S-100-200, G1-40-2H20:TT'-S-100-200 and 117 

G2-26-2H20:TT'-100-200 are discussed in this paper since they are directly comparable with flexural 118 

tests B2-26-2H20-S-0, B2-39-2H20-S-0 and B2-24-2H20-/-0 respectively.  The geometrical dimensions 119 

and longitudinal reinforcement arrangement of these specimens (see Figure 2) are the same as for the 120 

uncracked tension zone of the tested slabs. Where present, two 10 mm diameter 125 mm long shear studs 121 

with 30 mm diameter heads were placed in the positions shown in Figure 2. The minimum and maximum 122 

covers to the stud head were zero and 25 mm. The 36 mm spacing of the transverse bars shown in Figure 123 

2 was chosen to allow sufficient space for concrete to be placed in contact with the bar heads and to allow 124 

clearance for the friction weld flash. The tests focussed on concrete controlled failures with a view to 125 

determining the critical concrete strength at which bar yield precedes concrete failure. Table 1 provides 126 

details of the three tension specimens most pertinent to this study. The test ID describes the specimens as 127 

follows: 128 

For example, G1-26-2H20:TT'-S-100-200: 129 

“ G1 ”  – Test group 130 

“ 26 ”  – Measured concrete cylinder strength at time of testing 131 

“ 2H20 ”  – Number and diameter of transverse bars 132 

“ TT’ ”  – Position of transverse bars as indicated in Figure 2 133 

“ S ”  – Shear studs included 134 

“ 100 ”  – Lap length of headed bars 135 

“ 200 ”  – Spacing of headed bars 136 

In Table 1, fc,cyl,j and fct,j are the measured concrete cylinder compressive strength and tensile splitting 137 

strength respectively. ∅tr is the transverse bar size, Shb is the spacing of the headed bars in the same 138 

orientation, Lhb is the lap length between the bearing faces of the heads and xt is the offset of the 139 

transverse bars from the centreline of the joint. Ptens is the maximum load achieved in each test. For 140 

reference, the headed bar yield load was 260 kN. The response of the three tension specimens in Table 1 141 

is discussed later alongside that of the relevant slab tests. 142 
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Test ID 
fc,cyl,j 

(MPa) 
fct,j 

(MPa) 
∅tr 

(mm) 
Transverse 

Bar Positions 
Shb 

(mm) 
Lhb 

(mm) 
xt 

(mm) 
Ptens 
(kN) 

G1-26-2H20:TT'-S-100-200 25.6 2.38 20 T T’ 200 100 18 154 

G1-40-2H20:TT'-S-100-200 40.4 3.60 20 T T’ 200 100 18 242 

G2-26-2H20:TT'-100-200 25.6 2.38 20 T T’ 200 100 18 133 

Table 1: Tension test specimen details 143 

2.2. Flexural Test Specimen Details 144 

Five flexural specimens were tested of which one was a control specimen.  A symmetrical five bar 145 

reinforcement arrangement was chosen in preference to an unsymmetrical six bar arrangement to avoid 146 

inducing secondary in-plane rotational stresses of the type observed by Gordon and May [7]. 147 

 148 
Figure 4: Typical flexural test specimen and section through specimen B2-26-2H20-S-10 149 

The headed longitudinal bars were spaced at 200 mm centres with a 100 mm lap length between the 150 

inside face of the heads as used in the standard arrangement of the Laing O'Rourke E6 system. 50 mm 151 

cover was provided to the main bars in both layers. The tested variables were joint concrete strength, the 152 

presence or absence of shear studs and out-of-plane offset of the precast planks. The headed bars in the 153 

tensile zone were 25 mm in diameter with standard 70 x 70 x 16 mm friction welded square heads. The 154 
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diameter of the headed bars near the compression zone was 16 mm, with standard 50 x 50 x 12 mm 155 

friction welded square heads. Two 20 mm transverse headed bars with 60 x 60 x 14 mm friction welded 156 

square heads were provided on the inside face of each layer of longitudinal reinforcement as shown in 157 

Figure 4. The spacing between the centrelines of the transverse bars of 42 mm is the minimum allowed by 158 

the head size, including some tolerance. Where present, four 12 mm diameter shear studs were provided 159 

in the positions shown in Figure 4. The shear studs were 300 mm long leaving no cover to the heads 160 

which were 36 mm in diameter. Specimens were cast in timber moulds with the joint faces of the precast 161 

sections left as cast and wetted lightly before the joint concrete was cast. The control specimen was 162 

continuously reinforced as in the right hand precast unit of Figure 4. The end sections of the control 163 

specimen were cast before the central 200 mm joint to isolate the influence of reinforcement detailing on 164 

joint behaviour. In all cases, the joint was cast at least three weeks after the precast sections. Table 2 165 

summarises the details of the tested specimens, with the test ID describing specimens as follows: 166 

For example, B2-39-2H20-S-0: 167 

“ B2 ”  – Test group 168 

“ 39 ”  – Measured joint concrete cylinder strength at time of testing 169 

“ 2H20 ”  – Number and diameter of transverse bars 170 

 “ S ”  – Shear studs included 171 

 “ 0 ”  – Out-of-plane offset of precast planks 172 

Specimens B2-26-2H20-S-0 and B2-39-2H20-S-0 investigated the influence on joint strength of concrete 173 

strength, while specimens B2-24-2H20-/-0 and B2-26-2H20-S-10 respectively investigated the influence 174 

of shear studs and out-of-plane offset of the precast planks. The offset was achieved by lowering the three 175 

bar precast unit by 10 mm relative to the two bar unit and the joint infill was cast over the full depth of 176 

310 mm as shown in Figure 4. In this case, zero cover was provided to the shear stud in the tensile zone. 177 

The precast planks used in specimen B2-24-2H20-/-0 were reclaimed from specimen B2-26-2H20-S-0 178 

after testing the joint to failure.  179 

Concrete compressive and tensile strengths were measured from control specimens cured in the same 180 

conditions and tested at the same time as the slabs. 100 mm diameter, 200 mm high cylinders were used 181 

to determine compressive strength according to BS EN 12390-3:2009 [17] for both joint and precast 182 
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concrete. Joint concrete tensile strength was determined by means of splitting tests according to BS EN 183 

12390-6:2009 [18] on 300 mm high cylinders with a diameter of 150 mm. At least three specimens of 184 

each type were tested. The resulting concrete strengths are given in Table 2 which also gives geometrical 185 

details and failure loads of the slabs. In Table 2, fc,cyl,p, fc,cyl,j and fct,j are the measured precast slab concrete 186 

cylinder compressive strength, joint concrete cylinder compressive strength and joint  concrete tensile 187 

splitting strength respectively, and x2 is the out-of-plane offset of the precast planks.  188 

Test ID 
fc,cyl,p 

(MPa) 
fc,cyl,j 

(MPa) 
fct,j 

(MPa) 
∅tr 

(mm) 
Shb 

(mm) 
Lhb 

(mm) 
xt 

(mm) 
x2 

(mm) 
Pfl 

(kN) 
Mfl 

(kNm) 

B1-39-/-/-/ 65.2 39.3 3.40 — — — — 0 362 160 

B2-26-2H20-S-0 60.4 25.7 2.46 20 200 100 21 0 253 111 

B2-39-2H20-S-0 65.2 39.3 3.40 20 200 100 21 0 293 129 

B2-24-2H20-/-0 N/A 24.1 2.58 20 200 100 21 0 192 84 

B2-26-2H20-S-10 60.4 25.7 2.46 20 200 100 21 10 225 99 

Table 2: Flexural test specimen details 189 

Reinforcement material properties were derived from coupon tension tests according to BS EN ISO 6892-190 

1:2009 [19]. Three specimens of each bar type were tested with average results of the main 191 

reinforcement given in Table 3. Figure 5 shows stress-strain curves for the 25mm headed bar coupon 192 

tests wherein strains were measured with strain gauges and stresses calculated considering a cross-193 

sectional bar area of 490.9 mm2. 194 

Type ∅b (mm) Head size (mm) fy (MPa) fu (MPa) Es (GPa) 

Headed bar 25 70 x 70 x 16 530 636 197 

Headed bar 20 60 x 60 x 14 516 631 201 

Shear stud 12 ∅36 564 656 223 

Table 3: Flexural test specimen reinforcement properties 195 

 196 
Figure 5: Stress-strain curves for 25 mm headed bar coupon tests 197 
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2.3. Test Setup and Instrumentation 198 

The slabs were loaded in four point bending from their underside to enable digital image correlation 199 

(DIC) to be used to monitor cracking in the tension face (see Figure 4 Section A-A). The spans between 200 

centrelines of supports and loading points were 2400 mm and 600 mm respectively (see Figure 6). The 201 

slabs were loaded across their width through a pair of 75 mm wide, 10 mm thick solid steel rectangular 202 

sections. End supports were provided by stiff built-up steel sections anchored to the laboratory strong 203 

floor as shown in Figure 6. 30 mm diameter roller bearings were provided at the end supports of the slab 204 

to release horizontal translation and rotation arising from curvature of the beam upon loading. Loads 205 

were applied with two pairs of hydraulic actuators fed by a single inlet to maintain equal pressure. 206 

 207 
Figure 6: Flexural test rig 208 

Loads were measured with load cells placed at each actuator. Displacements were measured with two 209 

pairs of linear variable displacement transducers (LVDTs) placed near the precast-to-joint interfaces as 210 

shown in Figure 6, along with an additional pair at each support to determine any global movement of the 211 

specimen during loading. Strain gauges were fixed to the reinforcement inside the joint of headed bar 212 

specimens as shown in Figure 7a, with the aim of capturing both bending and axial forces. Pairs of gauges 213 

were mounted diametrically opposite each other in either horizontal (e.g. S9-S10) or vertical (e.g. S1-S2) 214 

planes as shown in Figure 7a. Not all specimens were fully gauged, and specimen B2-24-2H20-/-0 was not 215 

gauged at all. Figure 7b also shows the positions of transverse bar strain gauges in the tensile specimens 216 

pertinent to this paper. 217 
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(a)       (b)   218 

Figure 7: Strain gauge positions in flexural specimens (a) and tension specimens (b) 219 

A random speckle pattern was sprayed onto the surface of the specimen over the constant moment region 220 

to enable the LaVision StrainMaster system [20] to track the movement of the pattern by comparing 221 

images captured by the DIC cameras. Two high resolution cameras captured images of the surface of the 222 

specimen in stereo mode every 3 seconds. Since two cameras were used, it was possible to capture 3D 223 

displacements, surface strains and crack propagation. 224 

 225 

3. Test Results and Observations 226 

3.1. Strength and load-deflection response 227 

For ease of reference, the slab response is henceforth related to the applied bending moment, including 228 

self-weight, at the precast to joint interface. The failure loads of the tested slabs are listed in Table 2 in 229 

which Pfl and Mfl respectively are the maximum applied load, including self-weight of around 13.5 kN, and 230 

corresponding bending moment. Load-deflection curves are presented in Figure 8. The load-deflection 231 

responses of the control specimen B1-39-/-/-/, with continuous reinforcement through the joint, and B2-232 

39-2H20-S-0 are very similar up to near yield of the latter. The flexural reinforcement yielded on the two 233 

bar side of the joint-to-precast interface in B1-39-/-/-/and B2-39-2H20-S-0 at bending moments of 142 234 

kNm and 118 kNm respectively. The greater resistance of B1-39-/-/-/ was due to the additional two 10 235 

mm bars provided within the joint. Both specimens failed at large displacements, after extensive yielding 236 

of reinforcement, due to concrete crushing in the flexural compression zone within and adjacent to the 237 

joint. In the case of B2-39-2H20-S-0, concrete crushing also occurred in the joint around the headed bars 238 

loaded in tension.  239 
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 240 
Figure 8: Load-deflection curves 241 

The remaining specimens with lower joint concrete strengths of around 25 MPa failed within the joint 242 

prior to headed bar yield. Before failure, deflections of the lower concrete strength specimens were very 243 

similar and greater than that of B2-39-2H20-S-0 due to increased deformation within the joint. The post-244 

peak load deflection curves of specimens with around 25 MPa concrete exhibit softening but also 245 

considerable ductility, unlike failure of straight bar splices which tends to be brittle. Offsetting the precast 246 

concrete planks in B2-26-2H20-S-10 out-of-plane by 10 mm reduced strength by 11%, but not stiffness, 247 

compared with B2-26-2H20-S-0. Specimen B2-24-2H20-/-0, without shear studs, achieved a peak 248 

moment around 24% less than that its companion specimen with shear studs, possibly due to loss of 249 

restraint to prying action resulting from curvature of the beam, as described by Chun [1].  250 

3.2. Crack development and failure mechanism 251 

DIC was used to continuously monitor crack development and surface principal strains. Figure 9 shows 252 

surface principal tensile strains in specimen B2-26-2H20-S-0 alongside comparable strains from NLFEA 253 

which are discussed subsequently. Strains are shown at the measured and predicted failure loads which 254 

correspond to bending moments at the precast to joint interface of 111 kNm and 95 kNm respectively.  255 

The magnitude of strain calculated with DIC is dependent on the size in pixels of a user defined subset 256 

within which the speckle pattern is monitored and correlated between images. The subset size was 257 

chosen such that the DIC strain was calculated over a gauge length of approximately 5 mm as in the 258 

NLFEA. Regions of high strain in Figure 9 correspond to cracks. Figure 10 shows the crack pattern at 259 

failure for the same specimen, which is typical. The first cracks to appear were transverse flexural cracks 260 

at the precast-to-joint interfaces, starting with crack 1 at the two bar interface (right hand side interface 261 

in Figure 4) at an applied bending moment of around 11 kNm. The longitudinal cracks 3 and 4 along the 262 
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two headed bars propagated from the interface at a moment of 31 kNm. Crack 5 initiated near the two 263 

heads of the main bars at a moment of 45 kNm and subsequently extended towards the slab centreline 264 

and edges. Crack 6 near the head of the central headed bar appeared at a bending moment of 63 kNm, 265 

followed by cracks 7 and 8. Cracks 9 and 10 formed at bending moments of 70 kNm and 100 kNm 266 

respectively, followed by additional cracking close to the failure moment of 111 kNm. 267 

 268 
Figure 9: NLFEA (left) and test (right) crack pattern and maximum principal surface strain comparison for 269 

specimen B2-26-2H20-S-0 270 

 271 
Figure 10: Specimen B2-26-2H20-S-0 schematic crack pattern 272 

Figure 11a and Figure 11b respectively show the development of crack widths over the H25 headed bars 273 

on the two and three bar side of the joint. The applied load is shown as a proportion of the least of the 274 

measured yield and failure loads. The yield loads of B1-39-/-/-/ and B2-39-2H20-S-0 are estimated from 275 

Figure 8 to be 142 kNm and 118 kNm. All other specimens failed before reinforcement yield. Crack widths 276 

are greatest on the two bar side (Figure 11a) as expected except for B2-26-2H20-S-10 with 10 mm offset.  277 

EC2 [21] calculates crack widths under the quasi permanent load which for slabs is typically around 50% 278 

of the measured yield load assuming a partial factor of 1.15 for reinforcement. For concrete controlled 279 

failures, the ratio of quasi permanent to measured failure load is at most 40% assuming a partial factor 280 

for concrete of 1.5.  For these load ratios, interface crack widths in Figure 11a and Figure 11b are at most 281 
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0.40 mm.  Consequently, design crack widths under quasi permanent load are considered acceptable at 282 

the joint-to-precast interfaces.  283 

(a)  284 

(b)   285 

Figure 11: Crack widths versus load on a) two bar side and b) over centre bar of three bar side 286 

Figure 12a and Figure 12b respectively show crack widths, at intervals of 100 mm, measured at the joint-287 

to-precast interface crossed by two and three main bars respectively. Comparative crack widths in the 288 

precast units are also shown. The main longitudinal bars are located at ordinates of 200 mm and 400 mm 289 

in Figure 12a and at 100 mm, 300 mm and 500 mm in Figure 12b. Crack widths are shown at a moment of 290 

59 kNm which is 50% of the flexural yield load of B2-39-2H20-S-0. The only precast cracks captured by 291 

the DIC cameras were at the loading points which were around 200 mm from the joint-to-precast 292 

interfaces. Other flexural cracks were outside the field of view of the cameras.  293 

Crack widths were greatest at the joint-to-slab interface in both the control and headed bar specimens. In 294 

Figure 12a, crack widths are very wide at the edge of the joint due to the large distance of 200 mm to the 295 

nearest continuous longitudinal bar. Consequently, the crack widths between and over the two H25 bars 296 

are most relevant to practice. Crack widths at the interface were least in the control specimen B1-39-/-/-/ 297 

0.00

0.20

0.40

0.60

0.80

1.00

1.20

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5

A
p

p
li

ed
 lo

ad
/M

ea
su

re
d

 y
ie

ld
 o

r 
u

lt
im

at
e 

st
re

n
gt

h

Crack width over reinforcement [mm]

B1-39-/-/-/ Interface

B1-39-/-/-/ Precast

B2-26-2H20-S-0 2-Bar Interface

B2-26-2H20-S-0 2-Bar Precast

B2-39-2H20-S-0 2-Bar Interface

B2-39-2H20-S-0 2-Bar Precast

B2-26-2H20-S-10 2-Bar Interface

B2-26-2H20-S-10 2-Bar Precast

B2-24-2H20-/-0 2-Bar Interface

0.00

0.20

0.40

0.60

0.80

1.00

1.20

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5

A
p

p
li

ed
 lo

ad
/M

ea
su

re
d

 y
ie

ld
 o

r 
u

lt
im

at
e 

st
re

n
gt

h

Crack width over reinforcement [mm]

B1-39-/-/-/ Interface

B1-39-/-/-/ Precast

B2-26-2H20-S-0 3-Bar Interface

B2-39-2H20-S-0 3-Bar Interface

B2-26-2H20-S-10 3-Bar Interface

B2-26-2H20-S-10 3-Bar Precast

B2-24-2H20-/-0 3-Bar Interface



15 
 

with a width of 0.31 mm at the centre of the specimen. At the same location, crack widths were 0.37 mm 298 

in specimen B2-39-2H20-S-0 and up to 0.68 mm in specimens with lower concrete joint strengths. The 299 

comparison between B1-39-/-/-/ and B2-39-2H20-S-0 is most pertinent since the concrete strength and 300 

failure loads of both slabs were comparable. The crack widths within the precast planks were similar for 301 

all specimens, with an average of 0.20 mm. Precast plank crack widths for specimen B2-26-2H20-/-0 are 302 

not included as the planks were pre-cracked from previous testing. 303 

Interface cracks in Figure 12b, on the three bar side, are generally lower than 0.40 mm, but up to 0.53 mm 304 

was observed for specimen B2-26-2H20-S-10 with the 10 mm vertical offset. Crack widths in the control 305 

specimen B1-39-/-/-/ are generally larger than in the headed bar specimens due to the smaller 306 

longitudinal bar area provided through the joint. Cracks in the precast planks for the headed bar 307 

specimens were typically around 0.10 mm wide on the three bar side.  308 

(a)  309 
 310 

(b)  311 

Figure 12: Crack widths at 59 kNm on a) two-bar side and b) three bar side  312 

Removal of loose concrete immediately after testing revealed a failure mechanism wherein the headed 313 

bars slipped over the transverse bars with diagonal failure planes only evident up to the depth of the 314 
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transverse bars. Figure 13 shows a photo of specimen B2-24-2H20-/-0 after two of the headed bars were 315 

cut at the interface and extracted with a wedge of concrete still attached to the head, and a corresponding 316 

sloping failure plane at the transverse bar. This mechanism is further facilitated by the offset joint since 317 

the transverse bars are not fully engaged within the overlapping head area of opposite headed bars. A 318 

similar failure mechanism was observed in the three bar tension tests [15]. 319 

 320 
Figure 13: Failure planes after removal of headed bars 321 

3.3. Longitudinal joint reinforcement forces 322 

The maximum tensile forces that developed in the longitudinal headed bars of the flexural splice were 323 

compared with those developed in comparable direct tension tests. The tensile force in the slab tests was 324 

back calculated from sectional analysis assuming plane sections remain plane. The 16 mm bars near the 325 

compression zone were included in the analysis. The following compressive stress strain relationship 326 

from EC2 [21] was used for concrete: 327 

𝜎𝑐 = 𝑓𝑐𝑚 (
𝑘ɳ−ɳ2

1+(𝑘−2)ɳ
) for 0 ≤ ɛc ≤ 3.5      (1) 328 

where: 329 

fcm is the mean concrete cylinder strength, which is taken as the measured cylinder strength for the 330 

calculations in this paper, 331 

ɳ =
𝜀𝑐

𝜀𝑐1
           (2) 332 

𝜀𝑐1 = 0.7𝑓𝑐𝑚
0.31          (3) 333 

𝑘 = 1.05𝐸𝑐𝑚𝜀𝑐1 𝑓𝑐𝑚⁄          (4) 334 
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𝐸𝑐𝑚 = 22 (
𝑓𝑐𝑚

10
)
0.3

         (5) 335 

ɛc is the strain in the compression zone concrete, ɛc1 is the strain at peak compressive stress, and Ecm is the 336 

concrete elastic modulus. 337 

Figure 14 shows the relationship between applied bending moment and longitudinal bar forces Nhb 338 

derived from strains adjacent to bar heads. On the three bar side, the edge bar force N3hb,edge was 339 

calculated from equilibrium as:  N3hb,edge = N2hb – 0.5N3hb,centre, where N2hb is the bar force on the two bar 340 

side (gauges S1-S2 and S6-S7), and N3hb,centre is the force in the central bar on the three bar side (gauges 341 

S4-S5). Figure 14 shows that N3hb,centre is around N2hb making forces in the edge bars N3hb,edge 342 

approximately 0.5N3hb,centre. 343 

 344 
Figure 14: Longitudinal headed bar force comparisons 345 

Figure 15, which is typical, compares bar forces in specimen B2-39-2H20-S-0 derived from section 346 

analysis (S.A.) and measured strains (see Figure 7a). Measured bar forces on the two-bar side (S1-S2) 347 

were similar to those calculated with section analysis, but forces on the three bar side (S4-S5 and 348 

3hb,edge) are incorrectly calculated by section analysis to be equal.  349 
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 350 
Figure 15: Specimen B2-39-2H20-S-0 longitudinal headed bar force comparisons to sectional analysis 351 

Figure 16 shows the interaction between axial load and bending moment at the heads of longitudinal bars 352 

with the final point for each specimen corresponding to the least of the failure and measured yield loads. 353 

Bending moments are in the same sense as the applied moment with positive moments corresponding to 354 

maximum tensile strain within the cover zone. The forces are normalised by plastic capacities calculated 355 

using an idealised elastic-plastic stress-strain curve since the reinforcement had a well-defined yield 356 

plateau and measured strains did not approach the strain hardening region. Peak moments Mhb were 357 

below 10% of the bar plastic moment capacity Mp,hb except for the misaligned specimen B2-26-2H20-S-10 358 

in which Mhb reached 18% of Mp,hb. The bending moment in the headed bars on the two bar side (solid 359 

lines), which is critical, reduced to zero or near zero at peak Nhb.  360 

 361 
Figure 16: Longitudinal headed bar force interaction 362 

3.4. Transverse Joint reinforcement forces 363 

Figure 17 shows an axial load (Ntr)-bending moment (Mtr) interaction diagram for the transverse bars 364 

with final points for each specimen corresponding to the least of the failure and measured yield loads. 365 

The plane of bending is horizontal with positive moment corresponding to maximum tension in gauges 366 
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S10, S12, S14 and S16 (see Figure 7a). Reversal of bending moments, due to continuous beam action, 367 

causes the change in sign visible in Figure 17 between gauges S9-S10 and S13-S14 as well as between 368 

gauges S11-S12 and S15-S16.  At similar applied bending moments, forces in the transverse bars were 369 

lowest in specimen B2-39-2H20-S-0 with the highest joint concrete strength. Figure 17 shows that 370 

tension was greatest in the T’ bar of Figure 7a (S9-S10, S13-S14) with the maximum force typically 371 

occurring at gauges S13-S14 midway between the edge and central bar on the three bar side. The tensile 372 

force in this bar was least at its end (S17) where the force was between 35-40% less than at gauges S13-373 

S14. Bending moments were similar in the T and T’ bars and proportionately greater in specimens with 374 

the least concrete strength. In no case was the full plastic capacity of the transverse bars achieved under 375 

combined axial and bending forces.  376 

 377 
Figure 17: Transverse bar force interaction 378 

Figure 18 and Figure 19 respectively compare the development with Nhb of transverse bar axial force Ntr 379 

and bending moment Mtr in the slab and tension tests. In the slab tests, the longitudinal bar force Nhb is 380 

calculated at gauges S1-S2 adjacent to the head on the two bar side. Transverse bar axial tension Ntr and 381 

bending moment Mtr are shown at gauges where strains were greatest. Ntr and Mtr increase more rapidly 382 

with load in tension specimens (dashed line) than comparable flexural specimens (solid line) probably 383 

due to transverse bending in the former. Up to near failure, axial tension at corresponding gauge 384 

positions is almost independent of concrete strength for both slab and tension specimens with tension 385 

greatest in T’ bars (see Figure 7). Conversely, bending moments were similar in T and T’ bars of both slab 386 

and tension specimens with moments increasing as the concrete strength reduced.  387 
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 388 
Figure 18: Transverse bar axial forces 389 

 390 
Figure 19: Transverse bar bending moments 391 

3.5. Shear stud strains 392 

Figure 20 compares the development with Nhb of strains in the shear studs of the slab and tension tests in 393 

which the stud diameters were 12 mm and 10 mm respectively. In the slab tests, Nhb is calculated at 394 

gauges S1-S2 adjacent to the head on the two bar side. Strains are always greater at gauge S19 than S20, 395 

suggesting out-of-plane confinement is greatest between highly stressed longitudinal bars. Up to near 396 

failure, strains were similar in aligned slab and tension specimens and fairly independent of concrete 397 

strength. Maximum strains did not exceed 65% of yield at ultimate strength except for the misaligned 398 

specimen in which yielding occurred at gauge S19. This suggests that the shear studs not only provide 399 

confinement to the joint concrete, but also balance out-of-plane forces arising from the transfer of force 400 

between the misaligned bars. 401 
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 402 
Figure 20: Shear stud axial strain 403 

4. Numerical Modelling 404 

As shown in this section, the flexural resistance of the joints was greater than calculated from the strength 405 

of comparable direct tension specimens. Furthermore, as discussed in Section 3.3, the central headed bar 406 

resisted twice the load of the edge bars contrary to the predictions of section analysis assuming plane 407 

sections remain plane. Therefore, NLFEA was carried out to determine whether it could explain these 408 

observations. The adopted NLFEA procedure has previously been shown to be capable of simulating the 409 

response of the three bar direct tension specimens [22]. The nonlinear finite element model (NLFEM) was 410 

developed with the package ATENA-GiD [23]. GiD was used for pre-processing, while analysis and post-411 

processing were carried out in ATENA Studio [24].  412 

4.1. Geometry and finite element mesh 413 

To reduce computational requirements and exploit symmetry, only half of the joint region was modelled, 414 

omitting the precast sections. Furthermore, only the steel reinforcement in the tensile zone was modelled 415 

in full detail. Adopted model parameters were validated by NLFEA of the authors’ tensile tests [22]. 416 

Quadratic 20-noded “CCIsoBrick” isoparametric brick elements with 27 gauss points were used for all the 417 

concrete and steel components except for shear studs and transverse bars near the compression zone 418 

where linear embedded “CCIsoTruss” truss elements were used. Bars in the tensile zone were modelled 419 

with brick elements with square cross-sections having the same second moment of area as the provided 420 

circular bars. Brick elements were needed to capture bending behaviour since 1D truss elements in 421 

ATENA only have axial stiffness [25]. The maximum element size was limited to 9 mm in the tensile zone 422 

of the specimen, producing nodes roughly every 4.5 mm along element edges. The ends of the headed 423 

bars were modelled with linear elastic 4-noded "CCIsoTetra" isoparametric tetrahedral elements, 424 
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depicted loading plates, to avoid issues from stress concentrations. For simplicity, the heads of the shear 425 

studs were modelled entirely outside of the concrete and square (Figure 21a, b) with a similar surface 426 

area to the actual heads. 427 

Perfect bond was assumed between reinforcement and concrete. Pryl and Cervenka [25] suggest this is 428 

realistic for ribbed bars provided the mesh size is comparable with the bar diameter as in the current 429 

analysis. Physical justification is provided by the reduction in stiffness of the concrete surrounding the 430 

reinforcement bar that arises due to localised cracking. Bearing faces of bar heads were connected to the 431 

concrete using “fixed contacts” consisting of master-slave constraints as shown in Figure 21c. None of the 432 

other bar head faces were connected to the concrete. Fixed contacts were also required at interfaces 433 

between loading plates and longitudinal bars, due to differences in element type, as well as between steel 434 

and concrete at the bearing faces of shear stud heads. 435 

(a)     (b)  436 

(c)  437 

Figure 21: Full NLFEM (a) NLFEM steel components only (b) and Boundary conditions (c) 438 

4.2. Boundary conditions 439 

 The boundary conditions applied to the model are shown in Figure 21c. The central node of the end faces 440 

of the loading plates of the supporting bars were constrained in all directions. A prescribed displacement 441 

of 0.0125 mm per load step was applied in the negative y-direction at the central node of the end plate of 442 
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the loaded bar, which was also restrained vertically in the z-direction. End displacements were monitored 443 

at the end of this bar, on the inside face of the loading plate. All element faces on the plane of symmetry 444 

were restrained in the x-direction. 445 

4.3. Material constitutive models 446 

Concrete was modelled in ATENA with “CC3DNonLinCementitious2” which is a smeared crack fracture-447 

plastic model that combines constitutive models for tensile and compressive behaviour. The fixed crack 448 

option of ATENA with variable shear retention factor was chosen on the basis of sensitivity studies for the 449 

three bar tension specimens [22]. Concrete material parameters were automatically generated in ATENA-450 

GiD in terms of the mean measured concrete cylinder compressive strength and then modified as shown 451 

in Table 4 which summarises key material parameters used in the analysis. The parameters wd and rc 452 

were derived from sensitivity studies on three bar tension specimens [22]. Transverse and longitudinal 453 

bars and heads in the tensile zone were modelled using the “CC3DBiLinearSteelVonMises” material model 454 

which has a bilinear elastic-plastic stress-strain law. The perfectly elastic material “CC3DElastIsotropic” 455 

was used for the loading plates at the ends of the longitudinal headed bars. The shear studs and 456 

transverse bars near the compression zone were modelled as “CCReinforcement”. A trilinear elastic-457 

plastic stress strain relationship was used for the shear studs, while a bilinear law was used for the 458 

transverse bars for consistency with those in the tension zone. Adopted steel material properties are 459 

given in Table 5 and Table 6. More information on the material constitutive models can be found in 460 

reference [26]. 461 

Parameter Function 

Cylinder strength f’c = Measured (given in Table 2) 

Tensile strength f’t = Measured (given in Table 2) 

Compression softening wd = -1.8 mm 

Compressive strength in cracked concrete rc = 0.3 

Onset of nonlinear behaviour f’c0 = 2f’t    (Default function) 

Fracture energy Gf = 73fcm0.18   (Default value) 

Shear factor SF = 20    (Default value) 

Maximum aggregate size dg = 10 mm 

Table 4: ATENA concrete constitutive model parameters 462 
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Component Es (GPa) σy (MPa) H (MPa) ν 

Bar heads 200 355 1.0e+4 0.3 

25 mm headed bars 197 530 1.0e+4 0.3 

20 mm headed bars 201 516 1.0e+4 0.3 

Loading Plate 2.0e+4 — — 0.05 

Table 5: ATENA 3D steel material properties 463 

Component Es (GPa) σy (MPa) ɛ2 σ2 (MPa) ɛ3 σ3 (MPa) 

20 mm compression 
headed bars 

201 516 0.040 890 — — 

12 mm shear studs 223 564 0.026 564 0.060 637 

Table 6: ATENA 1D reinforcement material properties 464 

5. Numerical Modelling Results and Discussion 465 

The predicted and observed crack patterns and surface principal tensile strains compare well as shown in 466 

Figure 9 for specimen B2-26-2H20-S-0. As developed, the NLFEM does not allow comparison of measured 467 

and predicted interface crack widths.  468 

Table 7 shows measured and predicted failure loads P for the tested slabs and corresponding joint-to-469 

precast interface bending moments M. Equivalent results are also given for the corresponding tension 470 

specimens for which the measured failure loads N2hb are similar to bar forces at the bar head [15] derived 471 

from strains.  The values of M and P for tension specimens were derived from N2hb using section analysis 472 

and equilibrium respectively. Table 7 also shows corresponding “measured” individual bar forces on the 473 

two and three bar sides of the joint denoted N2hb, N3hb,centre and N3hb,edge. The measured slab test bar forces 474 

N2hb and N3hb,centre were derived from strains measured adjacent to the bar head while N3hb,edge was 475 

calculated from equilibrium as  N3hb,edge = N2hb - 0.5N3hb,centre.  476 
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Test ID 
Specimen 

type 
P 

(kN) 
M 

(kNm) 
N2hb 
(kN) 

N3hb,centre 
(kN) 

N3hb,edge 
(kN) 

B2-26-2H20-S-0   (test) Slab  253 111 260 242 139 

B2-26-2H20-S-0 NLFEA Slab  211 95 211 206 108 

G1-26-2H20:TT'-S-100-200  (test) Tension 171 74 154 – – 

G1-26-2H20:TT'-S-100-200 NLFEA Tension 197 86 187 – – 

B2-39-2H20-S-0   (test) Slab  293 129 260 235 143 

B2-39-2H20-S-0 NLFEA Slab  260 121 260 253 134 

G1-40-2H20:TT'-S-100-200  (test) Tension 260 114 242 – – 

G1-40-2H20:TT'-S-100-200 NLFEA Tension 251 110 232 – – 

B2-24-2H20-/-0  (test) Slab  192 84 – – – 

B2-24-2H20-/-0 NLFEA Slab  179 82 179 170 94 

G2-26-2H20:TT'-100-200  (test) Tension 153 66 133 – – 

G2-26-2H20:TT'-100-200 NLFEA Tension 175 76 159 – – 

B2-26-2H20-S-10   (test) Slab  225 99 218 222 107 

B2-26-2H20-S-10 NLFEA Slab  187 81 187 173 101 

Table 7: Test specimen capacities and longitudinal bar axial forces 477 

The slab NLFEA longitudinal headed bar forces in Table 7 are reactions at the end of the bars (X, Y, Z 478 

nodal restraints shown in Figure 21b), rather than internal forces at the head as measured in the tests. 479 

The NLFEA closely predicts the observed distribution of load between the centre and edge bars, with edge 480 

bars resisting approximately half the force in the central bar unlike section analysis which predicts equal 481 

forces in all three bars. As observed, the NLFEA also predicts lower strengths Nhb for tension than flexural 482 

tests though prying action is not modelled in the latter. The capacity of the tension specimens is thought 483 

to be reduced by bending in the plane of loading being more severe than in the longer slab joints.  484 

Figure 22 shows that the flexural resistances derived from the tension tests broadly follow the trend of 485 

the measured slab flexural resistances giving added confidence that it is safe to base the flexural design 486 

strength of headed bar splices, of the tested geometry, on three bar tension tests of the type undertaken. 487 

 488 
Figure 22: Comparison between test and NLFEA results 489 
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Figure 23 and Figure 24 compare transverse bar forces derived from strain gauge readings and NLFEA at 490 

the cross-over with the central longitudinal headed bar. Transverse bar forces are plotted against the 491 

force in the central longitudinal headed bar. The numerical results follow the trends of the test data 492 

relatively well, but the measured forces are generally underestimated.  493 

 494 
Figure 23: Comparison between measured and NLFEA transverse bar axial forces 495 

 496 
Figure 24: Comparison between measured and NLFEA transverse bar bending moments 497 

Figure 25 compares measured and predicted forces in the shear studs.  As with transverse bar forces, the 498 

NLFEA captures the general trend of behaviour but underestimates measured forces. The underestimate 499 

of stud force may result from the absence of prying action in the NLFEA since only tension is applied in 500 

the model. 501 
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 502 
Figure 25: Comparison between measured and NLFEA shear stud axial forces 503 

6. Conclusions 504 

The paper describes a series of flexural tests on precast concrete slabs connected by headed bar splices. 505 

This type of connection facilitates precast concrete construction thereby increasing construction 506 

efficiency due to significantly reduced on-site work. The tests investigated the influence on slab strength 507 

and stiffness of joint concrete strength, shear studs, and out-of-plane offset of precast planks. Lap 508 

strengths are compared with strengths of comparable direct tension splices previously tested by the 509 

authors as part of the same project. NLFEA of these joints with ATENA-GiD captures the overall joint 510 

behaviour reasonably well and gives good estimates of flexural strength. The NLFEM is considered 511 

suitable for the design of standard joint configurations provided a suitable safety format is adopted. 512 

Alternatively, the splice strength can be calculated using STM [15] or the upper bound plasticity model of 513 

Joergensen and Hoang [13] as presented in [15]. 514 

Key conclusions from the tests are: 515 

a) A lap length of 100 mm in 39 MPa joint concrete was found sufficient to develop the full yield 516 

strength of H25 headed bars when detailed with confining reinforcement as shown in Figure 4. 517 

Ductility was comparable to that of the control specimen with continuous reinforcement through 518 

the joint. 519 

b) Small scale tension tests give a good indication of joint behaviour and conservative predictions of 520 

flexural strength. 521 

c) Flexural strength and stiffness is mainly affected by joint concrete strength. 522 

d) Vertical out-of-plane offset within the joint does not significantly reduce flexural strength. 523 
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e) Shear studs increase joint strength by providing confinement to the joint concrete and 524 

restraining prying action of the headed bars in flexural specimens. Shear studs also balance any 525 

out-of-plane stresses arising due to construction tolerances.  526 

f) Precast-to-joint interface crack widths reduce with increasing joint concrete strength but appear 527 

to be within acceptable limits at the serviceability limit state as defined in EC2. 528 

The understanding of joint behaviour at both ultimate and serviceability limit state gained in this 529 

research gives better confidence for a more widespread use of headed bar splices in precast concrete 530 

construction. 531 
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